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Abstract 
Plant cuticle, the outermost layer covering the aerial parts of all plants including petals and 
leaves, can present a wide range of patterns, which, combined with cell shape, can generate 
unique physical, mechanical or optical properties. For example, arrays of regularly spaced 
nanoridges have been found on the dark (anthocyanin-rich) portion at the base of the petals of 
Hibiscus trionum. Those ridges act as a diffraction grating, producing an iridescent effect. As 
the surface of the distal white region of the petals is smooth and non-iridescent, a selective 
chemical characterisation of the surface of the petals on different portions (i.e. ridged vs. 
smooth) is needed to understand whether distinct cuticular patterns correlate with distinct 
chemical compositions of the cuticle. In the present study a rapid screening method has been 
developed for the direct surface analysis of Hibiscus trionum petals using liquid extraction 
surface analysis (LESA) coupled to high-resolution mass spectrometry. The optimised 
method was used to characterise a wide range of plant metabolites and cuticle monomers on 
the upper (adaxial) surface of the petals on both the white/smooth and anthocyanic/ridged 
regions, and on the lower (abaxial) surface, which is entirely smooth. The main components 
detected on the surface of the petals are low-molecular-weight organic acids, sugars and 
flavonoids. The ridged portion on the upper surface of the petal is enriched in long chain fatty 
acids which are constituents of the wax fraction of the cuticle. These compounds were not 
detected on the white/smooth region of the upper petal surface or on the smooth lower 
surface. 
 
Keywords 
LESA-MS, direct surface analysis, HRMS, cuticle, petal, Hibiscus trionum  
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2 
Introduction 
Plant cuticle is the outermost layer that covers the epidermis of the aerial organs of plants, 
including leaves and petals. The primary function of the plant cuticle is to limit water loss by 
evaporation and to regulate gas exchange, but it also contributes to normal organ 
development and it protects the plant against mechanical injury from the environment, attack 
from pathogens and damage caused by UV radiation.
1–3
  
This lipophilic protective layer is synthesized by epidermal cells as a complex mixture of 
waxes embedded in a polymer of cutin. The chemical composition of the cuticle varies 
widely between plant species, organs and growth stages
4–7
 but the main components are 
cutin, a polymer of oxygenated C16 and C18 fatty acids (mainly hydroxy fatty acids) cross-
linked by ester bonds, and waxes. These can be either epicuticular waxes (directly exposed on 
the surface) and/or intracuticular waxes (embedded in the cutin layer), and are mainly 
mixtures of C20-C40 n-alcohols, n-aldehydes, n-alkanes and n-carboxylic acids, also named 
very long chain fatty acids (VLCFAs).
1
 Phenolic compounds and carbohydrates have also 
been reported as minor structural components of the cuticle.
3
 Another cuticle component is 
cutan, a polymer made of polyunsaturated fatty acids mainly linked to each other through 
ether bonds, which is present either as an alternative to or in combination with cutin.
1
 In 
addition, low-molecular-weight compounds, either exogenous (e.g. adjuvants or pesticides) 
or endogenous (e.g. phenolic compounds and flavonoids), can be found in the typical cavities 
present in amorphous and cross-linked polymers like cutin.
1
 
Characteristic patterning of the cuticle on top of epidermal cells, as micro- or nanostructures 
on the surface of petals, leaves and fruits, can give rise to a wide range of physical, 
mechanical and optical properties.
8
 For instance, nanoscale patterning of the cuticle has been 
shown to interfere with the ability of insects to adhere to a surface,
9,10
 to provide a high 
adhesive force with water (known as the ‘petal effect’) and superhydrophobicity (such as the 
self-cleaning ‘lotus effect’) 
9,11,12
 and to generate optical effects.
13,14
 In the latter case, arrays 
of regularly spaced nanoridges have been found on the flat epidermis of Hibiscus trionum 
(also known as Venice mallow or flower of an hour) and many species of tulips, where they 
act as diffraction gratings, creating structural colours that vary with the observation angle, a 
phenomenon known as iridescence.
8,14,15
 In Hibiscus trionum, the diffraction grating is 
restricted to the basal purple (anthocyanin-rich) half of the petal on the upper surface (Figure 
1), as only those epidermal cells display the flat elongated shape and characteristic regularly 
spaced nanoridges necessary to produce iridescence (Figure 2a). In the upper white half of 
the petal the epidermal cells do not produce any iridescence: those cells are radically 
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3 
different, with a conical shape and a smooth cuticle (Figure 2b). The cuticle pattern in 
Hibiscus trionum is easy to distinguish by eye because ridges overlie the anthocyanic portion 
and not the white portion (Figure 1a), but the pigment is present as intracellular compound 
and not in the cuticle. The biological function of diffraction-grating-like structures on petal 
surfaces remains unclear but they may facilitate pollination, as bumblebees can use 
iridescence to detect flowers.
15
 Thus, nanoscale patterns on the plant surface play a 
significant role in the interactions of the plant with the biotic and abiotic environment, but the 
physical processes and/or chemical composition of the materials involved in the formation of 
these structures are largely unknown.
8
 Indeed, the constituents of the cuticle itself could play 
a key role in conditioning the type of nanopattern produced. Thus, a detailed understanding of 
the chemical composition of the cuticle may help us to understand how different patterns 
arise in different regions of the Hibiscus trionum petal. 
Characterisation of plant cuticles has been largely done by extracting and depolymerising 
bulk samples of cutin followed by NMR, FTIR and mass spectrometry analyses.
2,3,16–22
 These 
methods generally involve time-consuming and cumbersome sample preparation. In order to 
obtain reliable estimates of cutin composition, particular precautions need to be taken 
throughout the entire workup, e.g. use of antioxidants during solvent extraction to avoid 
peroxidation of lipids, rigid anhydrous conditions during derivatisation, avoiding 
contamination throughout each individual sample preparation step (extraction, 
depolymerisation, separation, derivatisation). The most commonly used methods consists of 
bulk extraction followed by a depolymerisation step (e.g. acid or base digestion) to break-
down the biomacromolecules into their constituent monomers which are then derivatised to 
methyl or trimethylsilyl esters prior to analysis with GC
18,19
 or GC-MS.
2,18,23
 More recently, a 
novel method was described using nanoelectrospray ionisation (nanoESI) mass spectrometry 
to characterise cuticle components.
24
 Differences of the cuticle composition observed in 
various studies might have been caused in part by the bulk extraction procedures
2
 and thus 
surface selective extraction methods would be highly advantageous. 
A more selective characterisation of plant cuticle on upper and lower surfaces of leaves can 
be done by mechanically stripping off and/or extracting in chloroform the respective sides. 
The resulting wax solution can then be derivatised and analysed using the methods described 
above.
17
 However, stripping off the epidermis and its cuticle is not always possible, 
depending on the plant species studied, as some tissues, such as petals, are much more fragile 
than others and this does not completely circumvent the problem of contamination from other 
tissues. More recently, direct surface analysis using mass spectrometry has been applied to 
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4 
characterise biological tissues using matrix-free laser desorption/ionisation
25–27
 and 
desorption electrospray ionisation (DESI)
27–29
 mass spectrometry. DESI-MS has been 
successfully applied for direct imaging of plant metabolites in leaves and petals of Hypericum 
perforatum.
28,29
 
Liquid extraction surface analysis (LESA) is a newly developed technique for surface 
specific organic analysis.
30–32
 In LESA, a conductive pipette tip is positioned above the 
surface to be sampled and a small amount of extraction solvent, usually a few µL, is 
dispensed without breaking the liquid junction between the pipette tip and the surface of the 
sample. The diameter of the extraction spot is generally slightly larger than the 1-mm 
diameter of the pipette tip. After that, the solution containing the dissolved sample is 
aspirated back into the tip and sprayed through a nanoESI nozzle.
31,32
 In contrast to DESI, 
LESA allows optimisation of the time in which the solvent droplet is in contact with the 
surface under analysis, giving greater control over the extraction step and higher extraction 
efficiency. LESA has already been applied successfully to analysis of biological samples,
33,34
 
food,
35
 aerosol
36
 and pharmacokinetic studies
37,38
 but it has not previously been used to 
compare different areas of the surface of a single plant tissue. 
In this study, a method utilising LESA coupled to high-resolution mass spectrometry 
(HRMS) has been developed and optimized for spatially resolved, rapid screening of plant 
metabolites, cutin and wax monomers on the surface of petals of Hibiscus trionum. The 
approach adopted has proved to be useful to characterise compositional differences between 
the anthocyanic/ridged and white/smooth portions of the petals on both the upper surface of 
the petals and the lower surface. To the authors knowledge, this is the first application of 
LESA-MS to characterize different areas of a single plant tissue to investigate links between 
composition and structure on plant surfaces.  
 
Materials and Methods 
Plant growth conditions 
Petals of Hibiscus trionum L. used in this studied were harvested from plants grown in 
glasshouse condition in Levington’s (UK) compost from seeds obtained from Chiltern seeds 
(http://www.chilternseeds.co.uk). Supplemental lightning was provided through Osram 400W 
high-pressure sodium lamps (Osram, München, Germany) on a 16h:8h, light:dark 
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5 
photoperiod. Fully open flower were collected between 8am and 10am when the plants are in 
full bloom and kept at 4°C until analysis (typically less than 3 days). 
 
LESA-MS 
Sample preparation 
Petals of Hibiscus trionum were detached from the flowers using tweezers and then cleaned 
with a dry white nylon brush followed by a gentle N2 flow. Cleaned petals, with either the 
upper or lower surface facing upward, were then placed on a movable LESA sample stage 
covered with cleaned aluminium foil. Particular care is necessary to handle the petals and 
place them onto the movable sample plate as the petals are curved and easily break during 
operations. 
 
Instrumental analysis 
LESA-MS analysis was done on the anthocyanic/ridged and white/smooth portions of the 
petals on the upper surface and on the anthocyanic/smooth and white/smooth portions of the 
petals on the lower surface (Figure 1b) using two different solvent mixtures (details on 
reagents and chemicals used are reported in the supporting information, section S1.1): a more 
polar acetonitrile-water (90:10) mixture, called polar mixture hereafter, and a more nonpolar 
chloroform-acetonitrile-water (49:49:2) mixture,
28
 called nonpolar mixture hereafter. In order 
to increase spray stability and ionisation efficiency 0.1% formic acid was added to the water 
used in both solvent mixtures.
39,40
 
Three µL of solvent were deposited at a height of 1.4 mm from the sample plate at the 
maximum dispensation rate (60 µL/min). The liquid junction was maintained for 30 s for the 
nonpolar mixture and for 45 s for the polar mixture. Longer contact times led to breakdown 
of the liquid junction due to solvent evaporation. The droplets containing the dissolved 
analytes were then aspirated at a height of 1.2 mm from the sample plate at the maximum 
aspiration rate (60 µL/min) and infused in a chip-based nanoESI source (Triversa NanoMate 
Advion, Ithaca, USA). Blanks were analysed by repeating the same procedure on the clean 
aluminium foil, with a dispensation height of 1.2 mm and aspiration height of 1.0 mm from 
the surface. 
Page 5 of 22
ACS Paragon Plus Environment
Analytical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
6 
A high-resolution mass spectrometer (LTQ Velos Orbitrap, Thermo Scientific, Bremen, 
Germany) with a resolution of 100 000 at m/z 400 and a typical mass accuracy within ±2 
ppm was used to analyze the organic compounds present in the samples following extraction 
by LESA. Samples were sprayed at a gas (N2) pressure of 0.30 psi at 1.8 kV in positive 
ionisation mode and 0.80 psi at -1.4 kV in negative ionisation mode with a transfer capillary 
temperature of 210ºC. Data were acquired using an automated acquisition method to measure 
the full scan in m/z range 80-600 and 150-1000 and auto MS/MS analysis on the five most 
intense peaks with a collision induced dissociation (CID) energy of 30 (normalised collision 
energy). For each droplet a minimum of 30 scan routines were acquired (ca. 3 minutes of 
acquisition). The instrument was calibrated routinely to within ± 2 ppm accuracy using a 
Pierce™ LTQ Velos ESI Positive Ion Calibration Solution and a Pierce™ ESI Negative Ion 
Calibration Solution (Thermo Scientific). Details of the data treatment are reported in the 
supporting information (section S1.2). 
 
Results and discussion 
Optimisation of the analytical method in LESA-MS 
Selection of extraction solvent 
Three different solvent mixtures, with different polarities, were tested initially for analysis of 
the cuticle of Hibiscus trionum petals: methanol-water (90:10), acetonitrile-water (90:10) and 
chloroform-acetonitrile-water (49:49:2) similarly to Li et al.
29
 and Hemalatha and Pradeep.
28
 
The three mixtures were compared in terms of spray stability and efficiency of extraction for 
which the total ion current (TIC) in the MS was used as indicator. Concerning the upper 
surface of the petals, the two polar mixtures (methanol-water and acetonitrile-water) gave 
comparable results for analysis of the white/smooth portion of the petal with higher spray 
stability (RSD ~5%) and TIC compared with the nonpolar mixture (chloroform-acetonitrile-
water). The acetonitrile-water mixture resulted in higher TIC for the anthocyanic/ridged 
portion of the petal compared to the methanol-water mixture. The nonpolar mixture yielded 
more stable (RSD ~5%) and higher TIC for the anthocyanic/ridged portion of the petal and 
the lower surface of the petal compared to the two polar mixtures. Although the overall 
number of peaks detected was not significantly different with the three extraction mixtures, to 
assure a most comprehensive analysis, all portions of the petals were analysed with both one 
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7 
of the polar (acetonitrile-water) and the nonpolar (chloroform-acetonitrile-water) solvent 
mixtures, whereas the methanol-water mixture was not used in the results discussed below. 
 
Optimisation of extraction parameters 
Extraction volumes ranging between 1-3 µL were tested. An extraction volume of 1 µL 
allowed us to acquire data for only about 1 minute, corresponding to only a few MS scan 
routines. A partial evaporation of the solvent during the extraction step, which reduces the 
amount of sample available for analysis, was the main reason for the limited acquisition time. 
Three µL of solvent were sufficient to acquire mass spectra for up to 5 minutes. 
Contact time of the liquid junction with the petal surface was also tested between 30 and 90 
seconds with a single deposition/aspiration cycle or divided into two deposition/aspiration 
cycles. Using the acetonitrile-water mixture, the TIC increased about 10 times with a contact 
time of 60 seconds compared with 30 seconds indicating that the extraction efficiency had 
increased. Longer contact times are less effective (the TIC did not increased significantly 
compared with a contact time of 60 seconds) and lead to breakdown of the liquid junction. 
For the nonpolar mixture (chloroform-acetonitrile-water), the longest contact time before 
breakdown of the liquid junction occurs was 45 seconds because of the higher volatility of 
chloroform. 
Previous studies showed that repeatedly depositing and aspirating solvent onto a single 
extraction spot aids mixing of the extracted sample into the droplet within a short contact 
time of typically 1-5 s.
38,41
 However, this leads to sample loss through each 
deposition/aspiration cycle as a small amount of solvent is lost to the surface each time the 
sample is aspirated. A single but longer deposition/aspiration cycle reduces sample loss while 
increasing the time for sample extraction and still allowing mixing through diffusion due to 
the small extraction volume.
36,42
 
Dispensation and aspiration height were adjusted according to the volume of the droplet in 
order to maintain the liquid junction during the extraction time. Optimal dispensation and 
aspiration heights were 1.4 mm and 1.2 mm, respectively, from the sample plate for all 
samples and 1.2 mm and 1.0 mm, respectively, for blanks (pre-washed aluminium foil). 
Dispensation and aspiration rates did not have a significant effect on extraction efficiency and 
they were kept at the maximum rate (60 µL/min). 
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8 
Results of LESA-MS analysis 
Repeatability between different samples 
Repeatability has been evaluated in terms of peak detection as in direct infusion ESI-MS 
analysis the intensity of the peaks cannot be directly related to concentration of the 
compounds being measured. 
In all 4 analysed parts of the petals, i.e. anthocyanic and white portions on both the upper and 
lower surfaces, about 50% of all peaks measured in a given portion were found to be present 
in at least two extraction spots among 6-10 replicates from 2-4 petals, each of them from 
different flowers collected from different plants (Table S-1, Figures S-1 and S-2). Only about 
13-36% of all peaks were found in at least three replicates. The repeatability did not increase 
significantly when considering only analyses done on the same petal (intrapetal variability). 
Part of the variability may arise from the strongly conservative approach used to remove the 
instrumental noise (~10 S/N cut off).
43
 This very conservative approach has been used in 
order to avoid the inclusion of background noise in the final list of molecular formulas. 
The relatively low repeatability of this direct surface extraction contrasts with a much higher 
repeatability of methanolic extracts of the petals for which about 80% of peaks were found in 
at least 3 instrumental repeats out of 3, which is similar to previous studies using direct 
infusion.
43,44
 The high variability in direct surface analysis could be attributed to 
inhomogeneity in the amount and distribution of plant metabolites and cutin/wax monomers 
on the surface of the petals. A previous study using DESI-MS also observed an uneven 
distribution of plant metabolites on the surface of leaves and petals of Hypericum 
perforatum.
29
 For all these reasons, the sum of all peaks detected in the different replicate MS 
measurements in the different portion of the petals are considered further for the discussion 
below. 
 
Main components 
The compounds with highest signal intensities in the mass spectra, tentatively identified using 
their accurate mass and MS/MS spectra, in all regions of the petals (on both upper and lower 
surfaces) are mainly plant metabolites which can be divided into three main classes: (i) low-
molecular-weight organic acids (LMWOAs), (ii) sugars and (iii) flavonoids (Table 1). 
The main compound in the first class is malic acid, which is one of the most intense peaks in 
every mass spectra recorded in negative ionisation. Other identified compounds are ascorbic 
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9 
and dehydroascorbic acids, gallic acid, citric acid, quinic acid and gluconic acid, all 
previously detected in other species of Hibiscus plants.
45–51
 
Among sugars, peaks of monosaccharides and disaccharides were detected in all samples in 
both positive and negative ionisation. These are present as protonated and deprotonated 
molecular ions (in positive and negative ionisation, respectively) but also as sodium and 
potassium adducts in positive ionisation and as chloride adducts in negative ionisation. The 
peaks of the chloride adducts are particularly intense when the nonpolar solvent mixture is 
used, which can be attributed to the presence of chloroform. Chlorinated solvents may 
produce chloride anions by dissociative electron capture in corona discharge conditions or 
electrochemical reduction at the ESI capillary.
52
 Alternatively, chloride adducts could also be 
formed from chloride salts present in the tissue. 
The main compounds in the flavonoids class are gossypetin and gossypin, which has been 
previously identified in Hibiscus sabdariffa and Hibiscus vitifolius.
53–55
 
Additionally, glutamine has been identified in all samples, together with malic acid hexoside 
and palmitic acid. The latter is a known precursor of epicuticular wax monomers.
56
 
A series of sulfur containing compounds was identified in all samples with molecular 
formulas consistent with C15-C18 benzenesulfonates and a compound with the formula 
C15H28O6S; however we were unable to further elucidate their structure or their biological 
significance (if any). 
In addition, pigments present mainly as intracellular compounds were analysed by bulk 
extraction of the petals followed by analysis in LC-UV/Vis-MS. Experimental details and 
results of these chromatographic analyses are reported in the supporting information (sections 
S1.3 and S2.1). 
 
Comparison between white/smooth and anthocyanic/ridged portions on the 
upper surface of the petals 
The nonpolar extraction mixture resulted in better extraction efficiency and thus higher TIC 
and more stable currents for the anthocyanic/ridged portion of the petal while the polar 
mixture resulted in higher TIC and more stable spray current for the white/smooth portion of 
the petal (see also section 3.1.1). This suggests that the anthocyanic/ridged and white/smooth 
portions of the petals may have a different overall surface composition with more nonpolar 
compounds on the anthocyanic/ridged region. 
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10 
The molecular characterisation of the surfaces in the two regions of the petals confirms this 
hypothesis (Table S-2, Figure 2c and 2d). The average (non-weighted for intensity of peaks) 
carbon oxidation state (OSc), a metric to describe the degree of oxidation of organic 
compounds,
57
 for the anthocyanic/ridged region was -0.51 ± 0.31 (n=8), which is statistically 
different (t-test, p < 0.001) to that of the white/smooth region which was 0.11 ± 0.15 (n=10). 
The majority of compounds present exclusively in the anthocyanic/ridged portion are 
distributed between two regions of the van Krevelen diagram
58
 (Figure 3a), the region of 
lipids
58
 (red square in Figure 3a) and the region of condensed (unsaturated) hydrocarbons
58
 
(blue square in Figure 3a). In contrast, the vast majority of compounds only present in the 
white/smooth region are in the area with O/C > 0.6 (green square in Figure 3a). The 
white/smooth region is more abundant in short chain dicarboxylic acids and 
hydroxydicarboxylic acids explaining their high O/C. 
More detailed information can be extracted by Kendrick mass defect plots, which help to 
identify homologous series of compounds having the same constitution of heteroatoms, same 
number of rings/double bonds but different chain length (number of –CH2 groups).
59
  
As shown by the Kendrick mass defect plot (Figure 4a and Figure S-1), the main series of 
compounds present exclusively in the anthocyanic/ridged portion of the petals are 
characterised by long chain saturated fatty acids, hydroxy fatty acids, dihydroxy fatty acids, 
and monounsaturated hydroxy fatty acids, which are all known components of epi- and 
intracuticular waxes (Table S-2). In addition, series of long chain highly unsaturated 
compounds (Figure 4a) and OSc < -0.8 (Figure 4b) are also present exclusively in the 
anthocyanic/ridged portion of the petal and may be also associated with cuticular waxes. 
These results are supported by TEM images which have shown that the cuticle of the 
anthocyanic/ridged portion of the petal is topped by a very electron-dense layer (see Figure 
1e in Vignolini et al.
14
). The chemical nature of electron-dense layers in the cuticle is often 
obscure but it could be associated with a denser cutin polymer or it could reflect the wax-rich 
nature of the cuticle in this portion of the petal, as cuticular waxes are preferentially deposited 
in the outer fractions of the cuticle (see reviews by Riederer and Friedmann,
60
 and 
Schreiber
61
). The presence of numerous cuticular waxes on or near the surface also explains 
the increased extraction efficiency when the nonpolar solvent mixture is used.  
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Comparison between upper and lower surface of the petals 
To examine if the presence of a wax-rich cuticle correlates with the presence of a ridged 
nanopattern, we analysed the back (lower surface) of the petal. Here, the cells are flat (like 
the cells in the anthocyanic portion on the upper side of the petal) but with a smooth cuticle 
(similar to the cuticle in the white portion on the upper surface of the petal). 
The results of the LESA-MS analysis showed that the anthocyanic/smooth and white/smooth 
portions on the lower surface of the petals are not characterised by a distinct cuticle 
compositional difference (Figure S-2), as opposed to what was observed for the upper surface 
of the petals (Figure S-1). 
On the lower surface of the petal, the nonpolar solvent mixture gave higher TIC and more 
stable spray currents than the polar solvent mixture for both the white and anthocyanic 
portions. This suggests that the lower surface is more hydrophobic than the white region on 
the upper surface. 
The average OSc for the lower surface is -0.17 ± 0.16 (Table S-3) and it is statistically the 
same in the white and anthocyanic portions of the petal (t-test, p > 0.025). The OSc of the 
lower surface is lower than in the white/smooth portion on the upper surface but higher than 
in the anthocyanic/ridged region of the upper surface. As shown in Figure 3a, a large cluster 
of compounds is present exclusively in the lower surface of the petal with O/C < 0.6 and H/C 
between 1 and 2 (black circle in Figure 3a). A molecular characterisation shows that on the 
lower surface longer chain less oxidized compounds are more abundant than in the 
white/smooth portion on the upper surface (green circles in Figure S-2a and S-2b). However, 
they are shorter and more oxidised than in the anthocyanic/ridged portion on the upper 
surface (purple circle in Figure S-1a). These compounds are mainly C20-C30 polyunsaturated 
compounds, which could be tentatively assigned to polyunsaturated fatty acids (black circle 
in Figure 3b). In several species such as Arabidopsis thaliana, Petunia hybrida, Cistus 
albidus and Cosmos bipinnatus, it has been shown that petal cuticles are characterised by 
shorter chain length waxes than those found in the vegetative organs of the same species.
22,62–
65
 Interestingly, our analysis suggests that wax chain length could also differ between the two 
sides of the same organ. 
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Conclusions 
We developed a direct surface extraction MS method for selective and spatially resolved 
characterisation of the surface of plant organs. With the optimised rapid screening method a 
wide range of plant metabolites were detected together with cutin/wax monomers on both the 
upper and lower surface of the petals. Conventional methods of analysis of the cuticle are 
more laborious and are not often suitable to selectively characterise different portions of a 
single tissue with enough accuracy. 
Distinct compositional differences between the different portions of the petals of Hibiscus 
trionum could be identified. On the upper surface of the petals the anthocyanic/ridged portion 
is more hydrophobic, with an average OSc of -0.51 ± 0.31, than the white/smooth portion 
(OSc 0.11±0.15). The anthocyanic/ridged portion of the petal is enriched in VLCFAs, 
common constituents of waxes, which seems to be the main compositional difference 
between the anthocyanic/ridged and white/smooth portions of the petals in our LESA-MS 
analyses. The lower surface of the petals, which is entirely smooth, presents an intermediate 
hydrophobicity (OSc -0.17 ± 0.16), it is enriched in C20-C30 polyunsaturated compounds and 
it is not characterised by a distinct compositional difference between the anthocyanic and 
white portions. Our results are consistent with previous studies which showed that the 
composition of the plant cuticle is indeed chemically and morphologically variable not only 
between species or organs but can also vary between different portions of the same organ as 
different specialized cells can produce and assemble distinct cuticular compounds (see 
reviews by Nawrath,
4
 Jeffree,
5
 Stark and Tian,
6
 Jetter et al.
7
 and references therein).  
Interestingly, the presence of VLCFAs correlates with the presence of ridges, thus it is 
possible that the chemical composition of the cuticle directly impacts the type of nanopattern 
produced. Further experiments are now necessary to test whether the unique nature of the 
cuticle in the anthocyanic/ridged region of the petal contributes directly to the formation of 
the diffraction grating and could explain why nanoridges develop on this portion of the petal 
only. 
 
Supporting information 
Additional experimental details and results including 3 tables and 4 figures. 
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Figure 1. Picture of a flower of Hibiscus trionum (a) and diagram showing the different portions of the petals 
analysed in this study (b).  
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Figure 2. SEM images of the anthocyanic/ridged (a) and white/smooth (b) portions of the upper surface of a 
petal of Hibiscus trionum and corresponding mass spectra (blank subtracted and including the sum of all CHO 
compounds) measured using LESA-MS of the anthocyanic/ridged (c) and white/smooth (d) portions. 
Experimental details of SEM analysis can be found in the supporting information (section S1.4). 
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Figure 3. (a) Van Krevelen diagram showing the distribution of all compounds detected on the different portions 
of the petals. The red square indicates the area of lipids, the green square indicates the distribution of the 
majority of compounds present exclusively in the white/smooth region of the upper surface of the petal, the blue 
square indicates the region of unsaturated long chain compounds and the black circle indicates the majority of 
compounds present exclusively on the lower surface of the petals. (b) Double bond equivalents vs. number of 
carbons for all CHO compounds detected on the lower surface, the anthocyanic/ridged portion and the 
white/smooth portion on the upper surface of the petals. The black circle indicates C20-C30 polyunsaturated 
compounds detected on the lower surface of the petals. 
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Figure 4. Kendrick mass defect plot (a) and carbon oxidation state plot (b) of the main homologous series of 
compounds present exclusively on the anthocyanic/ridged portion on the upper surface of the petals. Long chain 
highly unsaturated compounds are represented in green/blue colours (DBE>8). Number of oxygen atoms in each 
series of molecular formulas are reported in brackets (e.g. “#O=2”). 
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Table 1. List of main compounds (most intense peaks in the mass spectra) detected with LESA-MS in both 
positive and negative ionisation in all portion of the petals on both the upper and lower surface. 
Theoretical 
Neutral Mass 
Molecular 
Formula 
DBE Class Tentative Assignment
a
 
MS/MS 
analysis
b
 
116.01096 C4H4O4 3 LMWOA
c 
Maleic acid 
(possible fragment) 
71(C3H3O2) 
134.02153 C4H6O5 2 LMWOA Malic Acid 115(C4H3O4) 
176.03209 C6H8O6 3 LMWOA 
Ascorbic Acid 
 
 
 
115(C4H3O4) 
87(C3H3O3) 
71(C3H3O2) 
59(C2H3O2) 
170.02153 C7H6O5 5 LMWOA Gallic acid Not Done 
174.01644 C6H6O6 4 LMWOA Dehydroascorbic acid Not Done 
192.02701 C6H8O7 3 LMWOA 
Citric acid 
 
173(C6H5O6) 
111(C5H3O3) 
192.06339 C7H12O6 2 LMWOA Quinic acid Not Done 
196.05831 C6H12O7 1 LMWOA Gluconic acid Not Done 
296.07435 C10H16O10 3 LMWOA Malic acid hexoside Not Done 
146.06914 C5H10O3N2 2 Aminoacid 
Glutamine 
 
127(C5H7O2N2) 
101(C4H5O3) 
162.05282 C6H10O5 2 Sugar Levoglucosan Not Done 
180.06339 C6H12O6 1 Sugar 
Monosaccharide
d
 
 
161(C6H9O5) 
143(C6H7O4) 
342.11622 C12H22O11 2 Sugar Disaccharides
d 179(C6H11O6) 
256.24023 C16H32O2 1 Fatty acid Palmitic acid 
No fragments 
detected 
302.04265 C15H10O7 11 Flavonoid Quercetin/Morin Not Done 
318.03757 C15H10O8 11 Flavonoid 
Gossypetin
e
 
(possible fragment) 
179(C8H3O5) 
151(C7H3O4) 
320.05322 C15H12O8 10 Flavonoid dihydrogossypetin Not Done 
432.10565 C21H20O10 12 Flavonoid Tannin/flavonone Not Done 
452.05910 C19H16O13 12 Flavonoid 
Tannin/Polyphenolic 
compound 
 
317(C15H9O8) 
289(C15H13O6) 
133(C4H5O5) 
464.09548 C21H20O12 12 Flavonoid 
Myricitrin, Isoquercetin, 
Spiraeoside 
301(C15H9O7) 
480.09040 C21H20O13 12 Flavonoid 
Myricetin-3-O-Glucoside 
(Tannin)/Gossypin 
317(C15H9O8) 
194.02153 C9H6O5 7 unknown Unknown Not Done 
232.02192 C8H8O8 5 unknown Unknown Not Done 
a Assignment made on the basis of the molecular formula (from accurate mass measurement) and MS/MS 
analysis where available 
b
 Mass-to-charge ratios and formulas of ions measured in negative ionisation 
c
 LMWOA = Low Molecular Weight Organic Acid 
d Present as [M-H]- and [M+Cl]- in negative ionisation and [M+H]+, [M+Na]+, [M+K]+ and [M+NH4]
+ in 
positive ionisation 
e
 Main fragments detected in this study corresponds to molecular formulas with an additional loss of –OH of the 
two fragments m195 and m167 detected by Braunberger et al.54 while all other fragments were detected in both 
studies. In our study, the peak at mass 318.03757 could represent the superimposition of gossypetin and 
fragments of peaks at masses 452.05910 and 480.09040. 
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